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Abstract 
An HTS SQUID magnetometer is a highly sensitive magnetic sensor. The SQUID magnetometer is, however, 
susceptible to magnetic noise. Hence, to enhance the robustness of the SQUID magnetometer with respect to 
magnetic noise, a cover with a superconducting film magnetic shield has been proposed. The superconducting film 
magnetic shield improves the robustness with respect to magnetic noise and widens the effective area of the SQUID 
sensor. It was also confirmed that the shape of the superconducting film magnetic shield affected the effectiveness in 
the magnetic shield in experiments. 
In our research, we have carried out a magnetic shielding simulation of the SQUID magnetometer covered with the 
superconducting film magnetic shield by using a 3D edge finite element method. To clarify the influence of the shape 
of the superconducting film magnetic shield on the effective area of the SQUID sensor, the simulation concerning a 
few shapes of the superconducting film magnetic shield was carried out. In order to evaluate the effectiveness of the 
superconducting film magnetic shield, the supercurrent inside the SQUID magnetometer and the superconducting 
film magnetic shield are simulated. From the simulation results, it is confirmed that the effective area of the SQUID 
sensor is widened by attaching the superconducting film magnetic shield over the SQUID ring. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
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1. Introduction 
A high temperature superconducting quantum interference device (HTS-SQUID) is a high sensitive 
magnetic sensor. It is widely used in various applications such as nondestructive evaluation (NDE) [1], 
magnetic resonance imaging (MRI) system [2], and so on. The stable operation of the HTS-SQUID 
magnetometer without magnetic shielding room is required for various applications and cost reduction. To 
enhance the robustness of the SQUID magnetometer with respect to the magnetic noise and to widen the 
effective area of the SQUID sensor, the superconducting film magnetic shield has been proposed and the 
effectiveness of the superconducting film magnetic shield has been already investigated in experiments
[3]. It has been also reported that the shape of the superconducting film magnetic shield effects on the 
magnetic shielding. In this paper, therefore, the performance of the superconducting film magnetic shield 
is investigated by a numerical simulation.  
2. SQUID magnetometer and superconducting film magnetic shield 
The directly coupled HTS dc-SQUID magnetometer consists of a SQUID ring and four pickup loops. It 
is designed to widen the effective area of the SQUID sensor [3], and made of HTS (YBCO) thin film. Figs. 
1(a) and (b) show the geometry of the designed SQUID magnetometer and the SQUID ring, respectively. 
A dc current is biased to the SQUID ring at the center of the SQUID magnetometer. An external magnetic 
field penetrates the pickup loops and then the supercurrent is induced on the pickup loops by the Meissner 
effect. The induced supercurrent flows into the SQUID ring from the pickup loops, as shown in Fig. 1(b). 
The direction of the supercurrent depends on that of the external magnetic field.  
The superconducting film magnetic shield is used to enhance the robustness with respect to the 
magnetic noise and to widen the effective area of the SQUID sensor. The superconducting film magnetic 
shield is attached over the SQUID magnetometer as shown in Fig. 1(a). The superconducting film 
magnetic shield is made of the same HTS (YBCO) thin film as the SQUID magnetometer. The Meissner 
effect of the superconducting film magnetic shield can reduce the influence of the magnetic noise and 
widen the effective area of the SQUID sensor. In this paper, two shapes of superconducting film magnetic 
shield are considered for investigation into the magnetic shielding. Fig. 2 shows a square and a cross 
shape of the superconducting film magnetic shield. The square shape of the superconducting film 
magnetic shield mainly covers over the center of the SQUID magnetometer along with the SQUID ring. 
On the other hand, the cross shape of the superconducting film magnetic shield also covers over the air 
Fig. 1. Schematic view of the directly coupled HTS SQUID magnetometer. (a) SQUID magnetometer and (b) SQUID ring. 
In (a) the blue and the green dashed line present the square shape and the cross shape of the superconducting film magnetic 
shield, respectively. 
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gaps between the pickup loops as well as the SQUID ring. From the experimental data [3], it was 
confirmed that the shape of the superconducting film magnetic shield effects on the magnetic shielding
and the effective area. In this paper, a few simulation models are compared concerning the magnetic 
shielding effect depending on the shape of the superconducting film magnetic shield.  
Fig. 2. Shapes of the superconducting film magnetic shield covering the SQUID ring. (a) Square shape and (b) cross shape. These 
are made of YBCO thin film with thickness of 200 nm. 
3. Simulation method 
The 3D edge finite element method is employed as the simulation method. The governing equations 
derived from the Maxwell’s equations are  
( ) sc0rotrot JJA +=Ȟ ,  (1) 
( ) 0div sc0 =+ JJ ,  (2) 
where ν, A, J0, and Jsc are the magnetic reluctivity, the magnetic vector potential, the bias current density 
of the SQUID magnetometer, and the supercurrent density caused by the Meissner effect in the SQUID 
magnetometer and the superconducting film magnetic shield, respectively. The supercurrent density is 
given from the following equation, 
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where σsc,a, σsc,b, and σsc,c are the a-, b- and c-axis component of the equivalent electric conductivity of 
HTS (YBCO). Esc and φ are the electric field generated by the supercurrent for magnetic shielding and the 
electric scalar potential, respectively. 
In the simulation, the characteristics of the HTS (YBCO) have to be considered. To express the 
characteristics of the superconducting film such as c-axis anisotropy and E-J characteristics, the 
equivalent electric conductivity is employed. The equivalent electric conductivity is given from the 
following equations, 
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where E, Ec, Jc, and n is the electric field (E = Esc + E0, where E0 is the electric field generated by the bias 
dc current density J0), the electric filed criterion, the critical current density that is defined by Ec, and the 
parameter that is concerned with the nonlinearity, respectively. 
In the YBCO thin film, the current hardly flows in c-axis. It is expressed by the sufficiently low 
conductivity compared with a- and b-axis, as shown in Equation (5). It is assumed that the YBCO has the 
nonlinear characteristic expressed by employing the n-value model [4], as shown in Equation (4). 
4. Simulation results 
In order to investigate the effectiveness of the shape of the superconducting film magnetic shield on the 
effective area of the sensor, the external AC magnetic field is applied to the SQUID magnetometer. Its 
amplitude is 1.5 μTp-p and the frequency is 100 Hz. The amount of the magnetic flux penetrating into the 
SQUID ring is computed from the simulation results. Fig. 3 shows the amount of the magnetic flux 
penetrating into the SQUID ring, where the “non-shield” represents the SQUID magnetometer without 
superconducting film magnetic shield. Table 1 shows the maximum and minimum values of the magnetic 
flux penetrating into the SQUID ring. As shown in Fig. 3 and Table 1, the large amplitude of the magnetic 
flux penetrating into the SQUID ring is observed in the cases of the square shape and the cross shape, 
compared with that without magnetic shield. The magnetic flux penetrating into the SQUID ring is 
generated by the supercurrent flowing into the SQUID ring from the pickup loops. 
Fig. 4 shows the normalized effective area of the simulation and experimental results [3]. The 
normalized values are to be compared because the distance between the SQUID ring and the 
superconducting film magnetic shield is uncertain in the experiment. Although the effective area is 
dependent on the distance, the simulation results are in qualitatively good agreement with the 
experimental ones qualitatively.  
Figs. 5-7 show the current density distributions in the SQUID magnetometer, in the SQUID ring, and 
in the superconducting film magnetic shield. 
From Fig. 5, it is obvious that the supercurrent flows in the pickup loops are dependent on the shape of 
the superconducting film magnetic shield. In case of the square shape of the superconducting film 
magnetic shield, the current density is high on the edge of the pickup loops. On the other hand, in case of 
the cross shape of the superconducting film magnetic shield, the supercurrent homogeneously flows in the 
pickup loops even under the superconducting film magnetic shield. 
Fig. 3. Time transition of the amount of the magnetic flux penetrating into the SQUID ring. The “non-shield” represents the 
SQUID magnetometer without superconducting film magnet shield. 
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Table 1. Maximum and minimum value of the magnetic flux penetrating into the SQUID ring.  
Simulation model Non-shield Square shape Cross shape 
Maximum value (fWb) 9.9 9.9 12.0 
Minimum value (fWb) -12.5 -12.8 -15.7 
Peak-to-peak value (fWb) 22.4 22.7 27.7 
Effective area (mm2) 0.0149㻌 0.0151㻌 0.0185㻌
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Fig. 4. Comparison of normalized values of effective area of simulation and experimental results [3]. 
Fig. 5. Current density distribution in the SQUID magnetometer. (a) with square shape and (b) with cross shape. 
Fig. 6. Current density distribution in the SQUID ring. (a) with square shape and (b) with cross shape. 
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Fig. 7. Current density distribution in the superconducting film magnetic shield. (a) square shape and (b) cross shape. 
In Fig. 6, the current density flowing into the SQUID ring is higher in the case of the cross shape, 
compared with the square shape. The difference would effect on the magnetic flux penetrating into the 
SQUID ring. As a result, the effective area of the SQUID sensor is widened. 
In Fig. 7, the current density is mainly high at the center and the edges in the superconducting film 
shields. However, in the square shape, the current density is very low at the region of the film corners. 
Thus, comparing these two shapes of the superconducting film magnetic shield, the cross shape is rational. 
From the simulation results, it is also confirmed that the effective area of the SQUID sensor is widened 
by the superconducting film magnetic shield and the effectiveness of the superconducting film magnetic 
shield is dependent on its shape.  
5. Conclusion 
The simulation of the SQUID magnetometer with the superconducting film magnetic shield was 
carried out. In order to evaluate the effectiveness of the shape of the superconducting film magnetic shield 
on its effective area, the amount of the magnetic flux penetrating into the SQUID ring and the pickup 
loops, and the current density distribution are compared. The effective area of the SQUID sensor is 
widened by attaching the superconducting film magnetic shield. The cross shape of the superconducting 
film shield widen the effective area of the SQUID sensor compared with the square shape. 
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